Introduction
The technological importance of Gallium Phosphide (GaP) as an optoelectronic semiconductor has led to a rather intensive study of recombination mechanisms in this material. In particular, non-radiative recombination due to the presence of 1 2 dislocations is known to be a powerful mechanism. ' Usually recombination at dislocations is in competition with efficient bulk (point defect) deep levels ; the contribution to the total rate from each mechanism depending on their relative concentrations. In this paper we describe measurements made on isothermally grown LPE GaP (undoped n-type), which exhibits small concentrations of point defect deep levels. Consequently, large areas of material (on a given sample) showed a nonradiative recombination rate which was dominated by dislocations. Luminescence decay measurements were made in order to study local variations of lifetime with dislocation density. Deep level measurements were made in regions of varying dislocation density in order to reach for bound states associated with dislocations.
Finally, a detailed count of the number of dislocations threading each diode used for deep level measurements was made using an SEM in the luminescence mode to 4 image dislocations.
Lifetime and Dislocation Density
The minority carrier lifetime, x, was measured from the cathodoluminescence decay of the green emission. Excitation was with a pulsed 70 KV [y luA) electron beam focussed into a 150 um diameter spot. A beam modulation time of ^ 3ns was Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1983428 available using an electrostatic deflection system. In computing T the exponential tail of the decay was used to assess the true transient lifetime T.
For a uniform and parallel array of dislocations, modelled as cylindrically symmetrical line sinks, the continuity equation for the excess minority density Ap(r) is This form is, of course, valid only provided that the sink is sufficiently powerful to ensure that the carrier loss is diffusion controlled. A comparison of diffusion 2 and recombination limited mechanisms at various forms of sink , demonstrates that recombination becomes diffusion controlled when the capture radius ro is greater than the carrier mean free path A. On this basis, (1) can be solved subject to the boundary conditions: Here r is the maximum radius associated with each dislocation and is related max to the dislocation density ~~(cm-') by .rrrZmax = l/pD.
The lowest mode solution (corresponding to t-+ m) is an exponential decay with a time constant which can be expressed in terms of the dislocation density and the capture radius as:
where D is the diffusion coefficient for minority carriers (holes).
The measured value of T as a function of pD is shown in Figure 1 . All the data points are from the same sample.
It is clear that for pD>105ci2 the lifetime is controlled by the dislocations. In fact the fit to the theoretical expression, equation (2) is extremely good with D taken as 3.3cm2s-' and ro chosen to be one micron. Although the fit is not especially sensitive to the magnitude of ro is is clear that a characteristic capture radius, large compared with the dislocation core is needed to explain the dat&. At low dislocation densities, the lifetime falls below the dislocation controlled line. This is indicative of a constant background shunt lifetime of T~Q J 3~s . Adding the shunt lifetime -rS and the dislocation limited lifetime rD in parallel produces an accurate fit over the entire measurement range.
I
A DATA OBTAtNED ON ONE SAMPLE
' ""J4 A dislocation with such a large effective capture radius,ro, is clearly a massive electronic perturbation in Gap, capable of carrying almost all of the bulk recombination. However the model described above subsumes the dynamics of the recombination process into the capture radius ro. The recombination is so efficient that the rate limiting mechanism is diffusion of the minority carrier into the sink. It is reasonable to assume that carrier recombination at or near the dislocation is aided by deep electron states caused either by the dislocation itself or by impurities or defects gettered in a Cottrell atmosphere around the core. We now report attempts to correlate deep level measurements with accurate measurements of dislocation density.
Dislocation Density Measurements
For both the lifetime and deep level measurements, dislocation counts were made using an SEM in the cathodoluminescence mode. Contrast is achieved because of the strong local quenching effect of a dislocation on the green emission. For the lifetime work the count is straightforward; a map is obtained (centred on the lifetime measurement point) and the density determined. For the deep level studieq which involve transient capacitance measurements using Schottky diodes, the total number of dislocations threading through the depletion layer is needed. This was obtained by selectively etching the sample (after completion of the deep level measurements) in Transene Gap etchant. This etch removes the semiconductor wihu.t.
attacking the metal film. In this way mesa structures were formed. The metal was then removed leaving a free semiconductor mesa on which to count the dislocations in individual barriers. This scheme of events is shown in Fig.2 ., the low magnification cathodoluminescence map (2A) is grossly non-uniform due to the variable dislocation density. The free mesas (2(B)) clearly define where the barriers were formed. Two examples of dislocation densities in individual barriers are shown in 2(c) and 2(D)
C.L. NAP OF ORIGINAL SLICE LOCATION OF MESAS (EMISSIVE IIODE)
Figure 2. Illustrating the SEM technique for counting dislocations.
Deep Level Measurements
Since the dislocations are efficient recombination centres, they clearly exhibit efficient electron and hole capture rates in the bulk. In the depletion layer the role of the dislocation must convert an electron or hole trapping centre for the transient capacitance experiment to detect the localised states. Two classes of measurement, hole capture (to test for hole trapping) and DLTS (to test for electron trapping) were therefore performed.
Hole Capture Measurements
The hole capture experiments utilised near band edge illumination as an injection mechanism for minority carriers. The light absorbed inside a diffusion length of the barrier produces a pure hole flux as shown in Fig.3 space charge due t o hole capture. When t h e e x c i t a t i o n i s removed t h e capacitance decays due t o hole emission. The capacitance r i s e and decay times contain information on t h e hole capture cross-section and t h e hole binding energy,
respectively.3 The amplitude of t h e capacitance t r a n s i e n t i n t h e (low temperature l i m i t ) can be used t o estimate t h e concentration of a hole t r a p . A marked s i m i l a r i t y of response using t h i s form of o p t i c a l e x c i t a t i o n , was observed from diode t o diode.
This corresponded t o a s i n g l e well defined h o l e t r a p a t an energy = Ev + 0.85eV. 
The concentration of t h i s s t a t e a s a function of d i s l o c a t i o n count i s shown i n

These d a t a show t h a t t h e hole t r a p i s roughly uniformly d i s t r i b u t e d a c r o s s t h e sample, and hence i s not coupled d i r e c t l y t o t h e d i s l o c a t i o n s . The hole t r a p may, however, contribute t o t h e uniform 'background' l i f e t i m e of a 3 vs. I n these measurements t h e hole t r a p i s assumed t o achieve an (electron) occupancy f a c t o r where e and en a r e t h e thermal e l e c t r o n and hole emission r a t e s , c i s t h e hole P P capture c o e f f i c i e n t and Ap i s t h e i n j e c t e d hole d e n s i t y which is r e l a t e d t o t h e s t r e n g t h of t h e photocurrent. I n t h e l i m i t t h a t e -t o and c
Ap >> e t h e t r a p P P P f i l l s with holes. The t o t a l amplitude of t h e capacitance t r a n s i e n t can then be used t o estimate NT. no measurable DLTS signal was observed. However, for pD ' 2x10 cm-a broad feature (peaking at T = 165 K using a 100 s-I rate window) was observed. Measurements were made using a Polaron S4700 system. This feature could not be thermally activated with precision, but we estimate that it is characteristic of electron emission from electron states spanning % 0.3 to 0.5 eV from the conduction band edge. Spectra from three diodes are shown in Fig.5 .
The dislocation density corresponding to the onset of this DLTS response represents a situation in which the capture radius of the dislocation is a significant fraction of the mean dislocation spacing. This fact can be observed in the downward curvature of the lifetime at high dislocation densities (Fig.l.) , and is predicted by equation ( 2 ) for T .
Although the electron emission was linked to high dislocation densities, no clear correlation between peak height and p , , was detected. This may have been because the range of pD was small in the diodes which showed the DLTS feature. An alternative explanation is that the signal originates exclusively from the defect atmosphere around the core. At high dislocationsdensities the atmosphere occupies a more significant volume of the entire depletion layer. The approximate concentration of the defect(s) calculated from the DLTS peak height is % 10l~cm-~. ~0 t h electron and hole trap concentrations are small compared to the dangling bond density expected in the diodes of highest PD. system w i l l r e f l e c t t h e charge adjustment i n t h e core band due t o t h e s h i f t i n Fermi l e v e l (Ef + an).
One e f f e c t of such a change could be t o weaken hole capture r a t e s . Electron emission r a t e s might a l s o be influenced i f they depend on t h e s t r e n g t h of t h e r a d i a l e l e c t r i c a l f i e l d .
The second f a c t o r may be s i g n i f i c a n t f o r any t r a n s i e n t capacitance experiment.
I f t h e l i n e d i s l o c a t i o n were a f u l l y depleted s t r u c t u r e , with a r a d i a l depletion f i e l d around t h e core and f i x e d o r only weakly mobile charge along t h e core, then we should draw t h e t o t a l depletion s t r u c t u r e of a Schottky diode containing l i n e d i s l o c a t i o n s a s shown i n Fig.6(b) . The depletion l a y e r edge merges with t h e d i s l o c a t i o n as t h e l a t t e r emerges from t h e b a r r i e r . I n t h e usual one dimensional a n a l y s i s of (say) t h e DLTS s i g n a l , t h e contribution t o t h e t r a n s i e n t 6 C i s obtained by solving Poisson's equation along a l i n e X i n t h e b a r r i e r and then s c a l i n g t h e r e s u l t t o t h e t o t a l diode a r e a A. However, i f t h e charge exchange takes place r i g o r o u s l y along t h e d i s l o c a t i o n line,X, t h e depletion l a y e r edge appropriate t o t h i s l i n e i s punched deep i n t o t h e c r y s t a l . I n crude terms t h e capacitor p l a t e separation measured along t h e d i s l o c a t i o n l i n e may b e huge compared with t h a t of t h e r e g u l a r b a r r i e r , being measured t o e s s e n t i a l l y where t h e d i s l o c a t i o n ends.
C h a~g e exchange taking place on t h e d i s l o c a t i o n but i n s i d e t h e b a r r i e r would then produce a very weak e f f e c t i n terms of t h e o v e r a l l b a r r i e r capacitance.
This idea implies, i n a very q u a l i t a t i v e way, t h a t l i n e d i s l o c a t i o n s of t h e s o r t discussed i n t h i s paper could be more d i f f i c u l t t o d e t e c t , by capacitance techniques, than point d e f e c t s d i s t r i b u t e d uniformly throughout che b a r r i e r .
